Psychotic symptoms are prevalent in schizophrenia, bipolar disorder, and other psychiatric and neurological disorders, yet the neurobiological underpinnings of psychosis remain obscure. In the last decade, a large number of magnetic resonance imaging studies have shown differences in local gray matter volume between patients with different psychiatric syndromes and healthy controls. Few studies have focused on the symptoms, which these syndromes are constituted of. Here, we test the association between psychosis and gray matter volume by using a sample of 167 subjects with bipolar disorder, with and without a history of psychosis, and 102 healthy controls. Magnetic resonance images were analyzed on group level using a voxel-wise mass univariate analysis (Voxel-Based Morphometry). We found that patients with a history of psychosis had smaller gray matter volume in left fusiform gyrus, the right rostral dorsolateral prefrontal cortex, and the left inferior frontal gyrus compared with patients without psychosis and with healthy controls. There was no volume difference in these areas between the no-psychosis group and healthy controls. These areas have previously been structurally and functionally coupled to delusions and hallucinations. Our finding adds further evidence to the probability of these regions as key areas in the development of psychotic symptoms.
Introduction
Psychosis entails a reduced ability to interpret delusive thoughts or hallucinations as false, and this has been suggested to be associated with structural and neurochemical alterations in the brain. There are several Magnetic Resonance Imaging-studies (MRI) comparing brain morphology between patients with schizophrenia or bipolar disorder (BD) with healthy controls. 1, 2 As psychosis occurs in both schizophrenia and BD, studies have focused on shared brain morphology changes. Even though gray matter volume loss is more wide-spread and severe in schizophrenia than in BD, 3 there are also shared structural changes including enlarged ventricles, 4 as well as gray matter volume reduction in the anterior cingulate cortex and bilateral insula. 3 However, these shared morphological alterations are more likely to reflect nonspecific pathological processes related to other common symptoms in schizophrenia and BD, as recent research has not been able to link these exclusively to psychosis. 5 Enlarged ventricles are also found in major depression 6 and post-traumatic stress disorder 7 and the anterior cingulate cortex and insula are rather believed to be involved in interoception and emotional regulation. Hence, this diagnosisbased strategy reveals important leads on the general pathophysiology of the respective disorder, but does not inform on specific structural changes related to the symptoms of psychosis.
A better strategy to reveal brain changes specifically related to psychosis is to compare patients with the same psychiatric illness, presenting with and without psychotic symptoms. Such a case-case design would control for general structural changes related to the disorder and enable the study of specific traits associated with the psychosis. This design is not possible in schizophrenia since psychotic symptoms are part of the definition of the disorder. By contrast, not all bipolar patients have a history of psychosis: psychotic symptoms have been reported in up to 68% of patients with manic episodes, 8 in 11% of patients with bipolar depression, and in 25% of patients with mixed states. 9 Most other symptoms and clinical characteristics are, however, shared between the psychosis and no-psychosis bipolar patients, ie, recurrent episodes of mania, hypomania, and depression, and euthymic periods when the patient at best is asymptomatic and regains function. Two previous structural MRI studies have directly compared psychosis (PBD) and no-psychosis (NPBD) bipolar subjects with respect to volumes of local brain areas. 10, 11 These studies were, however, hampered by small sample sizes (PBD n = 23, NPBD n = 15, and PBD n = 15, NPBD n = 12, respectively). The one finding reported was a decreased gray matter volume in the left prefrontal cortex in the PBD group. 11 One larger study compared bipolar patients who had experienced delusions during depressive episodes with those who had no delusions. This analysis revealed smaller gray matter volume in the insula and the dorsolateral prefrontal cortex (DLPFC) in the group with delusions. 12 One diffusion tensor imaging study revealed reduced white matter integrity along the corpus callosum in patients with a history of psychosis, 13 and one study of ventricular volume showed larger lateral ventricles in the PBD group. 14 The aim of this study was to test if psychosis per se is related to local gray matter volume alterations. To this end, we compared a comparatively large cohort of bipolar patients with and without a history of psychotic affective episodes, by means of voxel-based morphometry (VBM) analysis of magnetic resonance images of the brain in a case-case design. Any significant clusters of volumetric difference were compared to healthy controls, to determine if they are caused by an increase in one group or a decrease in the other.
Methods
The study was approved by the Regional Ethical Review Board in Stockholm, Sweden.
Subjects
Subjects were recruited from a long-term follow-up program, the St Göran bipolar project, at the Northern Stockholm psychiatric clinic, Stockholm, Sweden (for details, see Ekman et al 15 ) . Briefly, the catchment area for the recruiting clinic consists of urban communities with diverse socioeconomic status. The population is approximately 320 000 over the age of 18. During the time of inclusion for this study, all patients in this area who presented with signs of BD were referred to this tertiary unit for evaluation and treatment. Consecutive new outpatients and continuing patients at the unit were invited to participate, provided that they were diagnosed with BD.
Assessment of Diagnosis
The clinical diagnosis of BD was established according to the structured interview instrument Affective Disorder Evaluation (ADE), which has previously been employed in the STEP-BD project. 16 The Swedish version of this instrument is described in supplementary material. Also, the structured psychiatric interview Mini International Neuropsychiatry Interview (M.I.N.I.) was completed at baseline in order to screen for comorbidities. The ADE and M.I.N.I. interviews were conducted by board-certified psychiatrists, working at the tertiary bipolar outpatient unit, or by residents in psychiatry completing their training at this unit. The assessments were based on the patients' self-reports and the clinicians' evaluation, and, when needed, supplemented with information from medical records and interviews with next of kin. To assess alcohol and drug misuse, the patients completed 2 self-report questionnaires: the Alcohol Use Disorders Identification Test (AUDIT) and the Drug Use Disorders Identification Test (DUDIT). Illness severity was rated using the Clinical Global Impression scale (CGI). 17 The final diagnoses were set at a diagnostic case-conference where all information was presented. A consensus panel of experienced board-certified psychiatrists, specialized in BD (n = 2-5), made a best-estimate diagnostic decision. Using this procedure, the risk of inter-rater bias in the inclusion process was reduced. If the patient was at least 18 years old and met the DSM-IV-TR criteria for BD type I, II, or Not Otherwise Specified (NOS), they were provided detailed written and oral information about the study. Patients were excluded if they were unable to complete the standard clinical assessment or were incapable of providing informed consent. All enrolled patients consented orally and in writing in order to participate in the follow-up program. The subjects were not remunerated for participation.
Subjects were euthymic and did not meet criteria for depression or mania/hypomania when MRI scans were performed. Euthymia was defined by Montgomery Åsberg Depression Rating Scale (MADRS) 18 and Young Ziegler Mania Rating Scale (YMRS) 19 scores of <14.
Assessment of Psychosis
We used the ICD-10 definitions of psychosis. The diagnosis of psychotic depression requires "the presence of hallucinations, delusions, psychomotor retardation, or stupor so severe that ordinary social activities are impossible". 20 Psychotic symptoms in mania are diagnosed when "delusions or hallucinations are present, or the excitement, excessive motor activity, and flight of ideas are so extreme that the subject is incomprehensible or inaccessible to ordinary communication". 20 The presence of psychosis is in the ADE determined under the heading "Determine Psychotic Disorder Diagnosis." The rater scores a binary "yes" or "no" to the question "Any psychotic disorder?" and specified the psychotic symptoms. This rating is based on all available information at the time of interview. There are no universally acclaimed criteria for defining a psychotic bipolar subtype. Previous studies have used the definition of having hallucinations and/or delusions during an affective episode. 10 Studies of healthy subjects have shown that 10%-28% of the normal population have experienced hallucinations and/or delusions. 21, 22 In line with this notion, one would expect that some of the reported psychotic symptoms in a bipolar material are not attributable to the bipolar illness. Some subjects also had hallucinations and delusions during an affective episode but were using cannabis or amphetamine at the time. Therefore we defined psychosis as having hallucinations, delusions or disorganized behavior during an affective episode which was not drug-induced, and that these symptoms were severe enough to be classified as psychotic by a psychiatrist. The patients reporting their only lifetime experience of psychotic symptoms after drug use or during a euthymic state (n = 25) were excluded from further analysis.
Healthy Control Subjects
A matched cohort of 102 healthy control subjects was recruited from the general population (supplementary material).
Acquisition and Pre-processing of MRI Data
MRI scans were acquired at the Karolinska MR Research Centre from January 2006 to December 2011 after the clinical interview. The median time difference in days between clinical examination and scanning was 206 (range 2-1084 d). Medical chart records were reviewed to secure that no case had a psychotic mood episode in the interval between clinical examination and scanning. No subject was, however, reclassified after this review. Sagittal T1 weighted, axial and coronal T2 weighted and axial fluid attenuation inversion recovery (FLAIR) T2 weighted scans were acquired for examination by a senior radiologist to control for clinically significant anatomical abnormalities. A total of 170 patients and 102 controls were scanned (General Electric Signa Excite 1.5T). Two patients with hydrocephalus and one patient with Wilson's disease were excluded from further analyses and diverted to neurological follow-up.
All subjects were examined in the same scanner and with the same protocol, using an 8-channel head coil. 1.8 mm slices of coronal images were acquired using a 3-dimensional spoiled gradient echo recall sequence (3D-SPGR) with the following parameters: time to repetition = 21.0 ms, echo time = 6 ms, number of excitations = 1, flip angle = 30°, acquisition matrix = 256 × 256 × 124. The calibration filter for the scanner was changed during the study, resulting in differences in the intensity distribution between subjects scanned with different filters. There was no significant difference in distribution of subjects scanned with the old (SCIC) and new (PURE) filters in the PBD (31/54) and NPBD (23/59) groups (Fisher's exact test, 2-tailed, P = .25), still this potentially confounding factor has been taken into account in the statistical analyses by adding a binary covariate.
The pre-processing and analysis of images were done in Matlab version 7.14.0.739 (www.mathworks.com/ products/matlab/) using SPM12 statistical parametric mapping software (www.fil.ion.ucl.ac.uk/spm/). The method of VBM is characterized by a number of mathematical steps for pre-processing, which previously has been described in detail. 23, 24 The 3D-SPGR series of images were manually reoriented to the anterior-posterior commissure (AC-PC) line, all by the same investigator. Images were then segmented into gray and white matter images in native space. Rigidly aligned images were also created, enabling the use of DARTEL. 25 Using DARTEL, a common template based on all gray and white aligned images, and a flow field for each subject, were created. This template and the flow fields were then used to warp, modulate, and normalize all the gray matter images to Montreal Neurological Institute (MNI)-space. Modulation was used to preserve local volumes. All options for estimating and writing the Statistical Parametric Maps (SPM's) were set to default except for the option to preserve amount instead of concentrations when normalizing; in this process SPM's are resliced to a voxel size of 1.5 × 1.5 × 1.5 mm. Since both cortical and subcortical gray matter is included in the analysis, the normalized images were smoothed with an 8 × 8 × 8 mm full width at half maximum Gaussian smoothing kernel.
Statistical Analyses of MRI-Data
The smoothed images were sorted into 2 groups based on the presence of a previous psychotic episode. The PBD and NPBD groups were then compared with respect to local gray matter volumes using a 2-sample T-test, assuming unequal variance and adding age, sex, and scanner filter as covariates of no interest. We assumed unequal variance because we could not presuppose equal variance in all voxels. The 2 groups differed markedly in the prevalence of comorbid attention deficit hyperactivity disorder (ADHD) (psychosis: 16%, no-psychosis: 38%), a diagnosis that has previously been associated with altered gray matter volume. 26 Therefore, we corrected for ADHD by introducing this diagnosis as a covariate of no interest to lower the risk of false positive findings. Also, the 2 groups differed in frequency of subjects with current or previous treatment with antipsychotics and lithium; drugs that may have an impact on brain volume. 27 We corrected for this by adding the accumulated number of months that a subject had taken any antipsychotic, (since volumetric effect is associated with long-term antipsychotic treatment), and current lithium treatment, (since volumetric effects are rapid 28 and may be artifacts caused by that lithium reduces the T1 relaxation time in gray matter 29 ), as covariates of no interest. Age and antipsychotics were modeled as continuous variables and the others as binary variables. The covariates were not centered. Proportional global normalization using total intracranial volume, calculated using the "Tissue Volumes" utility in SPM12, 30 was applied to correct for differences in brain size. An optimized mask, using the Masking Toolbox and the method described by Ridgway et al, 31 was created from the smoothed images to exclude non-gray tissue from the analyses.
Statistical significance was set to Family-wise error (FWE)-corrected voxel level P < .05.
The clusters of significant volumetric difference between PBD and NPBD subjects where then used to create a second mask. This mask was applied in the analyses of PBD and NPBD subjects compared to healthy controls, to determine if the volumetric differences are caused by increase or reduction of gray matter volume in either group.
Results
Demographic data are presented in table 1. Of the 85 subjects with a history of psychosis, 40 had experienced hallucinations and 77 had delusions; only 8 subjects had experienced hallucinations without delusions. No subject was diagnosed with psychosis by only having a disorganized behavior. As expected, few patients in the psychosis group had bipolar II disorder. The prevalence of comorbid ADHD was significantly higher in the no-psychosis group. There were no other significant differences between the 2 groups concerning somatic or psychiatric comorbidity.
Patients with previous psychotic episodes were more likely to be treated with lithium or antipsychotics. Patients without psychosis were more commonly treated with antidepressants.
The PBD subjects had significantly higher ratings on lifetime Clinical Global Impression (CGI) scale and were more likely to have attempted suicide. 
Grey Matter Volume Reduction in Psychosis

Voxel-based Morphometry Analyses
The VBM analysis revealed 4 clusters of decreased gray matter in the psychosis group compared to the no-psychosis group (table 2) . In the left fusiform gyrus, peak voxel [x = −38 y = −33 z = −20] MNI-space, there was a cluster of 18 voxels, P = .010, T = 5.07 that survived the correction for multiple comparisons (FWE P < .05 threshold; figure 1 ). Thirty-three contiguous voxels in the right DLPFC, peak voxel [x = 39,y = 42, z = 11], FWEcorrected P = .014, T = 4.98. This corresponds to the right middle frontal gyrus, on the border between Brodmann area BA46 and BA10. Also, 2 small clusters in the left inferior frontal gyrus and the right parieto-occipital area had significantly smaller volume. There was no area of larger gray matter volume in the psychosis group. To determine whether the volumetric differences are caused by a decreased volume in the psychosis group or an increased volume in the no-psychosis group, we analyzed the 2 groups in comparison with healthy controls: (1) no-psychosis subjects vs healthy controls; (2) psychosis subjects vs healthy controls. In these 2 post hoc analyses, we did not want to confound the results with potential gray matter volume alterations associated to BD per se. We therefore used the significant clusters from the main analysis as an explicit mask, containing 62 voxels. Age, sex, and scanner filter were entered as covariates, and total intracranial volume was used for proportional global normalization. Regions of interest were defined by the mask, and the level of significance was set to voxellevel FWE-corrected P < .05. Results showed that the psychosis group had significantly smaller gray matter volume in the fusiform gyrus, the DLPFC and the inferior frontal gyrus (table 3) . By contrast, no significant difference was found when comparing the no-psychosis group with controls. The clusters contained voxels of both larger and smaller volume than healthy controls but the largest effect was towards larger volume in the NPBP-group. The diagnostic criteria incur a high level of covariance between psychotic symptoms and bipolar subtype I. One study has shown smaller prefrontal gray matter volume in bipolar I compared to bipolar II subjects. 32 Since this difference is in the area of one of our findings, we added bipolar subtype as a binary covariate of no interest in a post hoc analysis. There was still a significant prefrontal volume difference in [x = 39,y = 42, z = 12], FWEcorrected P = .011, T = 5.04, between the psychosis and no-psychosis group.
Discussion
To elucidate the potential anatomical brain correlate of psychosis, this study compared gray matter volume in euthymic bipolar patients with or without previous psychotic episodes, and compared the results with a healthy control group. The main findings were clusters of significantly smaller volume in the left fusiform gyrus and the right prefrontal cortex (BA10/46) in the psychosis group, compared with the no-psychosis group. These clusters were smaller in the psychosis group compared with healthy controls, whereas the no-psychosis bipolar group did not differ from controls. This suggests that gray matter decrease in these areas are specifically associated with psychosis rather than with BD per se. We have previously reported that the lifetime number of manic episodes is associated with smaller gray matter volume in the DLPFC. 15 In the present study, there was no significant difference in the number of manic episodes between the psychosis and no-psychosis groups.
Core functions of the prefrontal cortex pertain to the supervision of automatic behaviour, integration of sensory inputs, spatial organization, and coordination of sensory and emotional efference. 33 The prefrontal cortex also evaluates feedback from a performed action and integrates successful actions into the memory. 33, 34 A malfunction of the prefrontal cortex may cause deficits with respect to working memory, verbal fluency, set-shifting, psychomotor speed, attention, and also cause delusions. 35 Recently, the DLPFC has been functionally implicated in psychosis by differences in prediction error signaling 36, 37 and in prodromal psychosis. 38 One proposed role of this brain region is to evaluate information from other cortical areas, elicited by somatosensory stimuli, and reject those interpretations that are unreal, a sort of "belief evaluation". 39 Hence, the function, structure, and connectivity of the prefrontal cortex are important in relation to the development of psychosis. A reduced gray matter volume in BA10 has previously been reported in patients with schizophrenia compared to controls 40 and has been associated with poor outcome. 41 Also, reduced volume in this area is associated with impaired metacognitive accuracy in healthy subjects.
42
BA10 was though not identified as a key area in schizophrenia in a large-scale meta-analysis of brain structure. 43 The "gateway hypothesis" of the rostral prefrontal cortex 44 suggests that BA10 is involved in coordinating stimulusindependent and stimulus-oriented cognition. According to this notion, BA10 is a gateway between the mental life influenced by perceptual stimuli and the self-generated mental life that is stimulus independent. Investigators have therefore speculated that a malfunctioning gateway-system increases the risk of developing delusions. 45, 46 Several studies have shown associations between volume reduction in the adjacent BA46 and both schizophrenia and BD. There is compelling evidence that the BA46 is associated with psychosis. The 2-factor model of delusions presented by Coltheart, based on studies of patients with delusions secondary to cortical atrophy or ischaemia, 39 suggests that delusions are formed from a misinterpreted sensory input in a first area, after which a second area fails to reject the faulty interpretation. The second area is suggested to lie within the rostral DLPFC, 39 which gains support from fMRI studies of prediction error tasks showing that subjects with delusions fail to activate this area. 36, 37 Our finding agrees with these studies and adds a morphometric association that could partly explain why delusional patients fail to activate the DLPFC in the fMRI-studies. Still, the PBD patients have no psychotic symptoms in-between mood episodes. In line with the 2-factor model, this suggests that malfunction in other brain areas, causing mania or depression, requires increased top-down regulation from the rostral DLPFC to preserve the ability of reality testing.
Two previous studies have shown that bipolar patients with delusions have a smaller gray matter volume in the DLPFC. 11, 12 Still, delusions are only one of the symptoms of psychosis and a delusional patient does not necessarily present with hallucinations and/or disorganized behavior. The common factor for these 3 psychotic symptoms is the individual's inability to identify them as false or inappropriate, and we suggest that this can be attributed to a malfunction of the DLPFC. We bind this reduction in DLPFC to patients with the whole range of psychotic symptoms vs no psychotic symptoms, and thereby generalize the notion that a reduction in DLPFC is associated with all psychoses.
We also found that the PBD group demonstrated a smaller gray matter volume in the left fusiform gyrus. This region has previously proved to be smaller in schizophrenia 47 and to be negatively correlated with positive symptoms. 48 Interestingly, the cortex is thinner in this area in people with non-clinical auditory hallucinations, not fulfilling criteria for schizotypal personality disorder or schizophrenia, 49 compared with controls. Framed in the 2-factor model discussed above, the fusiform gyrus might be the area where an auditory hallucination is generated. A functioning DLPFC would, however, reject this hallucination as false and cause a nonclinical hallucination, whereas a psychotic hallucination would require dysfunction in both the fusiform gyrus and the DLPFC. This may suggest that patients with a premorbid low gray matter volume in the fusiform gyrus and DLPFC are susceptible to develop psychotic symptoms in mania or depression.
Finally, we found that the psychosis group had a smaller gray matter volume in the left inferior frontal gyrus. This is in line with a recent mega-analysis of patients with schizophrenia that showed smaller volume in the inferior frontal cortex compared to controls. 50 Even though this study do not convey which symptom of schizophrenia that might be associated with this volume reduction, another direct comparison between schizophrenic patients with and without hallucinations demonstrated less volume in the left inferior frontal gyrus in the group with hallucinations, 51 which might suggest that that the volume reduction is coupled to psychotic symptoms rather than schizophrenia per se. Moreover, a study of amphetamine induced psychosis implicated smaller volume in this area as a marker for psychosis proneness. 52 Hence, all 3 areas of smaller gray matter volume that we found associated with psychosis have previously been structurally associated with hallucinations and/or delusions.
Strengths and Limitations
Strengths of this well-powered study include the meticulously characterized patients and controls examined in the same scanner. However, potential confounding effects of medication cannot be excluded but cannot be tested properly on cross-sectional data due to confounding by indication. The prevalence of lithium and antipsychotics users was higher, and antidepressant users lower, in the psychosis group. However, since lithium in several studies has been reported to increase prefrontal gray matter volume, 4, 28, 29 this imbalance would rather have introduced false negative results and is unlikely to explain the findings of this study. The effects of antipsychotics and antidepressants on brain structure are not fully ascertained although antipsychotic treatment has been associated with discrete gray matter reduction. 27 To evaluate the effects of the potential confounders, we performed a post hoc multiple regression analysis with the peak voxel value in [x = −38,y = −33, z = −20] as the dependent variable and age, gender, scanner filter, ADHD, bipolar subtype, CGI-score, illness duration, antidepressants use, lithium use, the accumulated months of antipsychotic use and suicide attempts as regressors (supplementary material). We found significant effects for scanner filter, lithium treatment, and antipsychotics treatment. These parameters were corrected for in the VBM analyses. The effect of antipsychotics may be a confound by indication, ie, subjects with a low volume in the left fusiform gyrus may be more likely to have psychosis and hence more likely to be treated with antipsychotics. The effect of lithium was larger volume in treated subjects.
A limitation is the slice thickness in the MRI-scans. This decreases sensitivity through partial volume effects. There is though a trade-off between slice thickness and the scanning time. By keeping the scanning time short we were able to acquire images with no motion artifacts, which increases sensitivity through reduced noise. This is a cross-sectional study of euthymic patients with BD, ie, no subject has psychotic symptoms when scanned. Little is known about moodstate-dependent changes in gray matter volume, but brain plasticity may confound the results. We did not have ratings of the severity of the psychotic episodes; a factor that could increase the sensitivity of the analyses. However, these limitations decrease sensitivity and are unlikely to cause false positive results. Since only 8 subjects in our sample had a history of hallucinations without accompanying delusions, we did not have enough power to detect differences attributable to the specific psychotic symptoms. Finally, we did not have complete data on handedness, why the lateralization of findings should be interpreted with caution.
Conclusions
We found reduced cortical volume in 3 separate regions in bipolar patients with a history of psychosis, compared to bipolar patients with no history of psychosis. Although the neurobiological mechanism underlying psychotic symptoms most certainly is multifactorial, one of the determining factors could hence be a reduction of gray matter volume in the rostral DLPFC. This finding, taken together with fMRI findings discussed above, can prove to be useful in clinical research on the treatment of psychosis. Future studies could eg, evaluate if metacognitive training of psychotic patients and exercises in identifying prediction errors can increase DLPFC volume and decrease psychotic symptoms.
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Supplementary material is available at http://schizophreniabulletin.oxfordjournals.org.
Funding
This research was supported by grants from the Swedish Medical Research Council (K2011-61X-14647-09-3, K2010-61X-21569-01-1, and K2010-61P-21568-01-4), the Swedish foundation for Strategic Research, the Swedish Brain foundation, and the Swedish Federal Government under the LUA/ALF agreement (ALF 20100305, ALFGBG-142041). None of these agencies had a role in study design, in the collection, analysis or interpretation of data, in the writing of the report or in the decision to submit the article for publication.
